We present a comparison of atmospheric precipitable water vapor (PWV) derived from ground-based global positioning system (GPS) receiver with traditional radiosonde measurement and very long baseline interferometry (VLBI) technique for a five-year period (2008)(2009)(2010)(2011)(2012) using Australian GPS stations. These stations were selectively chosen to provide a representative regional distribution of sites while ensuring conventional meteorological observations were available. Good agreement of PWV estimates was found between GPS and VLBI comparison with a mean difference of less than 1 mm and standard deviation of 3.5 mm and a mean difference and standard deviation of 0.1 mm and 4.0 mm, respectively, between GPS and radiosonde measurements. Systematic errors have also been discovered during the course of this study, which highlights the benefit of using GPS as a supplementary atmospheric PWV sensor and calibration system. The selected eight GPS sites sample different climates across Australia covering an area of approximately 30 ∘ NS/EW. It has also shown that the magnitude and variation of PWV estimates depend on the amount of moisture in the atmosphere, which is a function of season, topography, and other regional climate conditions.
Introduction
Water vapor is the most abundant greenhouse gas in the atmosphere [1] generating more greenhouse effects on our planet than any other single gas such as carbon dioxide. Many scientific reports in recent years have highlighted and validated the role of water vapor as a critical component of the greenhouse gases driving global weather and climate changes [2] [3] [4] . However, water vapor content makes up only 5% of the air and is highly variable in its distribution; that is, it fluctuates seasonally and regionally. This makes water vapor difficult to measure and observe. In fact, water vapor content is one of the poorest observed atmospheric parameters, both spatially and temporally. From a climatic perspective, accurate, and consistent observations of the atmospheric water vapor content over extended periods of time are fundamental to provide the initial conditions required for climate models.
Observations of atmospheric humidity have traditionally been made using radio soundings, for example, balloonborne radiosondes, to study water vapor variability and trends [5] [6] [7] . Satellite observations such as infrared sounders [8] and microwave radiometers [9] have also been used in many studies to quantify water vapor variability and changes [10, 11] . However these datasets are affected by issues of calibration, poor quality of data, temporal resolution, and long term reliably [12] .
Global satellite navigation systems (GNSS) such as the U.S. Global Positioning System (GPS) technology has evolved and emerged as a powerful atmospheric remote sensing tool for providing accurate observations of atmospheric parameters such as water vapor in the troposphere. GPS was originally designed as a military and then civilian positioning and navigation device. In 1992, Bevis et al. [13] were the first to 2 Advances in Meteorology devise innovative methods, now known as ground-based GPS meteorology, for retrieving integrated atmospheric water vapor along the GPS signal paths as they propagate through the atmosphere. Geodesists have, for a decade, treated the effects of the atmosphere as noise parameters that need to be removed from the data for the process of estimating positions. However, Bevis et al. [13] proposed that this delay can be parameterized in terms of a time-varying total tropospheric delay. If surface temperature and pressure observations at the GPS receiver are known to sufficient accuracy, tropospheric delay can be converted into accurate estimates of the total zenith column water vapor, termed precipitable water vapor (PWV). Here, PWV means the height of an equivalent column of liquid water from the Earth's surface to the top of the atmosphere (unit: mm). About 45-65% of the PWV is included in the surface-850 hPa layer [5] .
More recently it was found that the GPS satellite constellation also allows for radio occultation (RO) observations of the Earth's atmosphere using one or more GPS receivers onboard Low Earth Orbit satellites. These space-based RO observations are a novel atmospheric sensing technique permitting routine profiling of the atmospheric parameters with high vertical resolution and precision based on limb sounding geometry [14] [15] [16] . However, the upper stratosphere and lower troposphere are regions of maximum uncertainty when using the GPS RO technique to retrieve atmospheric profiles. This is instigated by the large amount of water vapor in the lower atmosphere, which introduces super-refraction and multipath effects. As such, the ground-based GPS technique is better suited for water vapor retrievals in the lower atmosphere due to its continuous measurements, availability under all weather conditions, high accuracy (<3 mm PWV), long-term stability, homogeneity, and low cost [13, [17] [18] [19] [20] [21] .
This research aims to assess the feasibility of using the GPS ground-based meteorology technique for long-term measurement of PWV and variability in the Australian region to support future climate monitoring studies. Glowacki et al. [22] and Tregoning et al. [20] have previously compared the accuracy of water vapor estimates for the Australian region. However these comparisons were conducted using only short-time spanning observations and "legacy" antenna phase center offset and variation corrections. Numerous studies have highlighted the deficiencies of these processing strategies and models, which significantly impacted the accuracy and precision of the estimated tropospheric delay and PWV [19, [23] [24] [25] . In fact observing GPS PWV for climate studies requires a homogenous and long-term time series of data.
The main motivation of this analysis work is to validate the computation strategy used to process GPS data and conversion to PWV estimates given surface pressure and temperature readings. As a first step, we present a regional quantitative analysis of PWV focusing on eight Australian Regional GNSS/GPS Network (ARGN) stations over a fiveyear period (2008) (2009) (2010) (2011) (2012) . These stations were selectively chosen to provide a representative regional distribution of GPS sites with varying climates while ensuring conventional meteorological observations such as surface-based data are available for PWV conversion and other PWV sensors, for example, upper-air data from radiosondes, for validation purposes. Although the datasets presented herein only cover a short period of time from a climate perspective, the ARGN GNSS stations have been built up progressively since the 1990s, which has potential to provide at least 15 years of GPS derived PWV estimates. The study is divided into three components: (1) estimation of tropospheric ZPD from GPS measurements, (2) conversion of tropospheric ZPD to PWV estimates, and (3) intertechnique comparison of the GPS-derived PWV using radiosonde and very long baseline interferometry (VLBI) measurements. The ultimate goal of this study is to use the data to investigate secular trend and seasonal variation of PWV in Australia and its implications for climate research and applications.
Ground-Based GPS Meteorology
GPS radio waves are delayed by the neutral atmosphere, which results in a positive bias in the range measurements. This delay is one major error source in GPS processing and is traditionally known as the "tropospheric delay. " This error must be dealt with appropriately to achieve precise positioning results. In GPS processing, the tropospheric delay can be computed as zenith path delay (ZPD) (often used interchangeably with "zenith tropospheric delay" abbreviated as ZTD). ZPD is defined as the sum of the hydrostatic (ZHD) caused by the atmospheric gases such as nitrogen, oxygen, argon and carbon dioxide, and nonhydrostatic or wet (ZWD) delays, which is mainly contributed by water vapor contained in the atmosphere, as shown in
From ZPD, ZWD can be obtained by subtracting ZHD from ZPD. If the surface pressure ( ) at the station is known as well as the station latitude (0) and height (ℎ), ZHD can be computed by ZHD = (2.2768 ± 0.0005) 1 − 0.00266 cos 20 − 0.00028ℎ .
ZHD is generally very stable and is easily determined using an empirical model such as the Hopfield or Saastamoinen models [26, 27] and constitutes more than 80% of the total path delay. ZHD can reach up to about 2.3 m in the zenith direction and up to 30 m for a slant path close to the Earth's surface. Given surface pressure measurements, it is usually possible to model and remove the hydrostatic delay with accuracy of a few millimeters or less. On the other hand, the ZWD delay is more spatially and temporally variable and is more difficult to remove than the ZHD. The ZWD can be as small as a few centimeters or less in arid regions and as large as 35 cm in humid regions [13] . As it is impossible to accurately measure the wet delay from surface meteorological measurements, GPS scientists determine the hydrostatic delay from surface measurements and then attempt to estimate the wet delay as part of the data processing. ZWD may be converted to PWV via a dimensionless conversion factor (Π) [28] :
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Here 2 and 3 are physical constants, is the density of liquid water, V is the specific gas constant of water vapour, and is the weighted mean temperature of the atmosphere defined by Askne and Nordius [29] . Π is approximately 0.15-0.16 and it may vary by about 20% depending on the weighted mean temperature [23] .
can be approximated from station temperature observations ( ). For the Australian region, is computed by Bai [30] using a least square fit of 2493 radiosonde and GPS data pairs as ≈ 70.03 + 0.726
with an RMS scattering of about 3.16 K. Equation (5) is almost similar to the original linear regression equation derived by Bevis et al. [13] . The main uncertainty when converting ZWD to PWV is the estimation of the weighted mean temperature of the troposphere. However, the GPS PWV is quite robust against the uncertainties; that is, a mean temperature uncertainty of 5 K is related to 1.7-2.9% in the PWV estimates [31] . It is also worthwhile to note that it is possible to use the derived GPS-ZWD as an indicator of atmospheric water content, which has proved millimeter accuracy when compared to traditional atmospheric sensing methods such as radiosondes and water vapor radiometers [13, 17, 20, 21, 32] .
GPS Processing Strategy.
In recent years, GPS processing strategies and models have progressively advanced particularly in the development of GPS satellite and receiver absolute antenna phase center offsets and variations (absolute PCOs and PCVs) [23] . This has enabled more accurate and precise estimation of GPS heights and the highly correlated estimates of ZPD [33, 34] . Furthermore, the introduction of absolute PCOs and PCVs in GPS processing has also improved the temporal consistency and homogeneity of ZPD time series [19, 23, 35, 36] , which is essential for identification of climate trends. In this study, the processing of the ZPD estimation was carried out at Geoscience Australia (GA) using the in-house Bernese GNSS Software Version 5.0 [37] . The processing method was based on "network" approach that is relative positioning technique, that is, using double-differenced phase observations. Station coordinates were estimated on a daily basis and constrained tightly to their ITRF2008 values to reduce the correlation between the estimated station coordinates and tropospheric parameters. The computation strategy complies with the International Earth Rotation and Reference Systems Service Convention and the current IGS analysis standards. See Table 1 for a summary of the current GA GPS processing strategy.
GPS Stations Selection and ZPD Comparison.
Daily GPS data from eight ARGN stations from 2008 to 2012 were processed as part of a network of 20 Australian GNSS stations. The eight stations were selectively chosen to provide a representative regional distribution of GPS sites on the Australian continent while ensuring good quality conventional meteorological observations, for example, surfacebased temperature and pressure data, are available for PWV conversion, and other PWV sensors, for example, upper-air data from radiosondes and VLBI are available for validation. Locations of the eight continuously operating GNSS stations used are depicted in Figure 1 .
To validate the accuracy of the ZPD computed from GA, the estimates were compared to the International GNSS Service (IGS) Final ZPD products generated by United States Naval Observatory (USNO) [38] . UNSO has officially, since July 2011, made the transition from Jet Propulsion Laboratory (JPL) as the IGS Final tropospheric products provider. The ZPD products are produced routinely from a PPP processing method using the Bernese GNSS Software Version 5.0 [39] . However, a different mapping function, that is, global mapping function (GMF), and elevation cut-off angle (7 ∘ ) are adopted by USNO. Note that GA GNSS processing uses the Niell Mapping Function and a 10 ∘ elevation cut-off angle. The IGS final tropospheric products have a temporal resolution of 5 minutes and with an accuracy level of 4 mm [39] . The statistical results for the 2011 comparison are shown in Table 2 along with the number of records being compared. The statistics were computed based on the differences between the GA and IGS estimates, that is, GA minus IGS. A comparison was made when there was an epoch match between GA and UNSO ZPD records. Note that GA ZPD values are computed on an hourly basis while USNO provides ZPD estimates with a sampling interval of 5 minutes. No interpolation was made for comparison.
The ZPD estimates from GA are quite consistent to those of UNSO with an average standard deviation of 3.6 mm, indicating that both techniques provide estimates of comparable accuracy. This level of agreement aligns with previously published results by UNSO comparing PPP derived tropospheric ZPD with JPL's "network" approach [39] . The different processing strategies and mapping functions used by the GA and UNSO in computing ZPD may explain the small variations between the two products.
PWV Datasets

Surface Meteorological Data.
To convert GPS derived ZPD to PWV, accurate pressure and temperature observations are required at the GPS sites. The ideal situation is to have meteorological sensors installed adjacent to the GPS antenna for accurate PWV estimation. As most Australian GPS sites are historically established for geodetic and geodynamic purposes, they are not often equipped with good quality and calibrated meteorological instruments. One method to overcome this is to apply an interpolation or extrapolation technique using surface pressure and temperature recordings from automatic weather station (AWS) nearest to each GPS site, that is, lateral separation distance of less than 50 km. Three-hour pressure and temperature recordings were obtained from the Australian Bureau of Meteorology (BOM) Data Archive for Meteorology. Although the data were provided at 3-hour interval, the data was linearly interpolated to 1 hour interval in order to match the GPS-PWV estimation sampling interval. Table 3 summarizes the approximate lateral distances and height differences between the GPS and AWS sites. Although theoretically one should consider the effects of both lateral separation and height differences between the GPS and AWS sites, the vertical variability of pressure and temperature is more sensitive to height than the lateral separation between them. Thus, the height difference between the GPS and weather stations is more important in the computation process than the geographical positions. Gutman et al. [40] concluded that the weather stations within 50 km of a GPS station can be used to derive surface pressure at the GPS site with about 0.5 hPa bias. An error of 0.5 hPa in the pressure measurement will cause an error of 1 mm in the estimated ZWD [41] and subsequently an error in the PWV estimates of about 0.2 mm [31] .
In this work, the method used to map pressure data collected at the nearest AWS to the GPS site is adopted from the World Meteorological Organization [42] . Firstly, the pressure recordings at the AWS level are converted to a common reference level, which is often the mean sea level (MSL), and secondly, the parameters at the MSL are then interpolated to deduce pressure values at the altitude of the GPS stations. The BOM AWS generally provides pressure values both on surface level and at the MSL, while the temperature values are recorded at surface level. The pressure values are corrected for the vertical height difference using the barometric formula [43] . However no correction is applied to surface temperature. This is because for a maximum height difference of 110 m at KARR, for example, which has the largest height difference of all the stations used, the uncertainty in temperature is about 0.72 K (according to the standard atmospheric lapse rate of 0.00065 K/m). This will have minimal effect on the PWV estimation error. Therefore, surface temperature from the AWS is applied directly in (5). [21] . Nevertheless they remain a source of independent validation data and are often used as a source of information for validating GPS-PWV datasets. Radiosonde data were obtained for the following sites: ADE1, ALIC, DARW, KARR, HOB2, PERT, TIDB, and TOW2 from the Australian BOM. The approximate lateral distances and height differences between the GPS and radiosonde sites are listed in Table 4 . Note that the nearest radiosonde stations to KARR and TIDB GPS sites are different from the AWS sites hence marked with an asterisk ( * ) to highlight the differences between Tables 3 and  4 . The radiosonde instruments in use at these sites during the investigation period are the Vaisala RS92-K. The Vaisala RS92-K with a capacitive sensor is known to suffer from a dry bias in relative humidity of about 1.2 mm PWV [21] , which can contribute to the uncertainly when comparing between measurements of PWV to radiosonde. Assuming the water vapor density variation in each layer is linear, the estimation of column integrated PWV along the path of the radiosonde sounding balloon can be approximated by
where ℎ is the height of the sounding, V is the density of water vapor, and the subscript and superscript + 1 and denote the top and bottom of each layer for height and water vapor density. The density of water vapor can be computed from
Very Long Baseline Interferometry (VLBI).
VLBI is a type of astronomical interferometry used in radioastronomy to measure the position of the Earth and its orientation in space. Like GPS and other space geodetic techniques, VLBI technique also requires modeling the propagation of radio wave signals through the neutral part of the atmosphere and correcting for the error. Thus VLBI can be used as an independent source, in addition to radiosonde or water vapor radiometer, to assess the quality of the GPS derived atmospheric information. The International VLBI Service for Geodesy and Astrometry (IVS) provides tropospheric products since 2002 [44] . The Australian Long Baseline Array is part of the Australia Telescope National Facility. It consists of VLBI antennas mainly located on the Australian continent, with a few antennas in New Zealand and Africa. In this study, two Hobart VLBI telescopes were used for comparison between GPS derived PWV and radiosonde. The new Hobart 12 m telescope (HOBS12) is colocated with an existing 26 m telescope (HOBS26) that has collected more than 20 years of VLBI time series [45] . Located midway between the 12 m and 26 m telescopes is the HOB2 GPS station, which is ideal to compare and validate the estimation of ZWD. In this case, similar mapping function was used to ensure consistency between the two datasets. VLBI and GPS processing use different software strategies, and it is reasonable to expect small discrepancies between the two solutions. VLBI-PWV time series could also be computed if surface meteorological data is available. Figure 2 shows PWV time series from 2010 to 2012 at Hobart GPS and VLBI colocated sites. Also plotted in the time series are the PWV estimates from a radiosonde sites located at Hobart Airport situated 7 km away from the geodetic stations. The annual variation in PWV estimates using the three different techniques is quite similar as presented in Figure 2 .
PWV Comparison Results
Hobart: GPS, VLBI, and Radiosonde.
In evaluating the intertechnique biases, radiosonde should not in any way be assumed to provide the "truth" as it has been recognized in the literature as having its own systematic bias of about 1.2 mm depending on the types of radiosonde [19, 21, 22, 30, 36, 46] . Unless the bias is accurately known which is difficult to assess and calibrated, any validation work against radiosonde will not be better than this level. Nevertheless radiosonde measurements of PWV are traditionally and often used to evaluate the quality of PWV estimates derived from GPS and VLBI as well as other meteorological sensors. Radiosonde observations are chosen as the basis against which the GPS estimates are compared to. Figure 3 shows the differences between radiosonde PWV against GPS, that is, "radiosonde minus GPS. " As the radiosonde flights were launched once or twice a day (mostly for Hobart upper air station), the statistical comparison was only done for the same matching epoch; that is, no interpolation was applied. There were a total of 2141 observations compared over the 3-year period. The differences between radiosonde and GPS have a mean value close to zero and a standard deviation of 1.3 mm. These results match those reported by [20] [21] [22] 30] . This demonstrates that GPS and radiosonde PWV measurements show a high level of agreement with little biases, in which case GPS PWV data can be used to validate VLBI measurements of PWV. Comparison between GPS and VLBI derived PWV was not a straightforward procedure. The VLBI available data was irregularly spaced due to scheduling irregularities. Therefore, the epoch between the VLBI and GPS data needed to be matched in order for the comparison to be meaningful. It was also decided that no interpolation to the measurement epochs should be undertaken to ensure that the best comparison results were made. Therefore epochs without such GPS PWV estimates were not used in the analysis. This reduced the number of PWV measurements to 130 for HOBS12 and 104 for HOBS26. Table 5 presents the mean and standard deviation values of the differences between VLBI and GPS PWV estimates. HOBS12 and HOBS26 have a mean difference of less than 1 mm and standard deviation of about 3.5 mm. These results agree favorably with previous VLBI and GPS PWV estimates comparatives studies carried out by Jin and Luo [17] . Figure 4 shows histogram distribution of the PWV differences for HOBS12 and HOBS26. 
Australian Regional GNSS Stations: GPS and Radiosonde.
Estimates of GPS derived PWV and radiosonde measurements of PWV were compared over the 5-year period. It was discovered during the course of this study that the radiosonde readings at Tidbinbilla (TIDB) were providing spurious measurements. This could be an indication that the instrument is out of calibration. Thus the measurements from this site were excluded in the analysis. Also in 2011 and 2012, no GPS data were recorded at ADE1 GPS station. Figure 5 shows scatterplots of PWV estimates from GPS versus radiosonde measurements, while Table 6 lists the number of comparison records over the period. A comparison was made when there was an exact epoch match between the GPS and radiosonde recordings. Although most radiosonde flights were launched twice a day, the comparison presented herein does not specify the time of the day when the radiosonde data and the impact of daily variations were collected. Also shown in the scatterplots are the correlation coefficient denoted by "
2 . " In general, GPS and radiosonde PWV estimates show a high level of agreement with correlation coefficients of ∼0.88 or greater. Outliers were present as seen in the plots. They were expected in large datasets 2008  2009  2010  2011  2012  ADE1  738  742  525  --ALIC  332  354  389  362  268  DARW  626  692  718  702  747  KARR  417  380  488  410  312  PERT  756  756  741  768  154  TOW2  786  397  514  420  391 and thus were not discarded in the statistical analysis. For this reason, some stations portray slighter larger standard deviations of PWV differences between radiosonde and GPS estimates, which are not unusual. Figure 6 shows a summary of comparison of the PWV estimates from GPS and radiosonde for each year starting from 2008 to 2012. The mean values were computed based on the average differences between radiosonde measurements of PWV with GPS, that is, "radiosonde minus GPS. " The mean difference is an indication of systematic bias between the two instruments. In general, the two instruments are in good agreement with a small mean difference of less than 1 mm. TOW2 displays the largest mean bias of −1.5 mm amongst the six sites and the bias is fairly consistent across the five-year period. A closer inspection of this site revealed significant changes in the mean difference depending on the time of radiosonde launch, for example, day/night differential behavior. At 23 UTC (11 am local time), the mean difference is −1.5 mm, while at 11 UTC (9 pm local time), the mean difference is 0.9 mm. This may be a result of the dry biases in the Vaisala instrumentation reported by Wang et al. [21] . The larger dry bias during daytime is primarily caused by the solar radiation heating of the humidity sensor [47] .
The standard deviation can be interpreted as the spread of the PWV differences or variations from the mean. Sites showing larger variations in PWV estimates are (1) stations located in the northern part of Australia, such as DARW and TOW2, where atmospheric moisture is the highest, and (2) where the lateral distance difference between the GPS and radiosonde sites is large (>150 km), that is, KARR. The impact of elevation differences between radiosonde and GPS sites is negligible as there is little correlation between PWV and height differences. However the lateral separation distance of 173 km between KARR GPS and radiosonde site could potentially introduce errors in PWV comparisons if the two sites have very different humidity structure. Furthermore, the meteorological data used to convert GPS ZPD to PWV estimates were obtained from an AWS station, situated 45 km away and with stations height difference of 110 m. The estimation of GPS PWV from KARR is therefore classified as "dubious. " Glowacki et al. [22] also reported similar findings for KARR with large standard deviations using one-year data in 2000. It thus shows that it is important to colocate these stations together for meteorological monitoring purposes. The comparison statistics seem to also suggest that the extent of the standard deviations of the PWV differences is associated with the magnitude of PWV values. As the PWV estimates increase in values, so do the standard deviations of the differences between GPS and radiosonde PWV estimates. DARW and TOW2 sites show similar characteristics. A mean difference between the GPS and radiosonde PWV estimates over the 5-year period for all the sites is 0.1 mm with a standard deviation of 4.0 mm.
It should be noted that the PWV estimates from ALIC station have a systematic bias of ∼−5.0 mm. The bias is consistent over the five-year period ranging from −4.9 mm to −5.5 mm. The negative bias indicated that the PWV estimates from GPS are higher than those of radiosonde. This means that the radiosonde instrument at ALIC provides "dryer" PWV estimation. In fact the mean PWV differences are about two times larger than the standard deviations. Similar results were also obtained using data from 2000. This contradicts the results from Glowacki et al. [22] who used one year of data in 2000 for GPS and radiosonde PWV comparison. No systematic bias was noted in their research. Preliminary investigation seems to indicate that estimates of PWV from radiosonde underestimated our GPS derived PWV. However, when we compared our GPS tropospheric ZPD estimates to the IGS final products for the year 2000, the values are in agreement with a mean differences of 2.8 mm and standard deviation of 5.5 mm. Furthermore the impact on radiosonde data of time of launch has been investigated but no correlation was found in the mean differences; that is, the bias was consistent irrespective of the time of launch. The cause of the systematic bias in PWV estimates remains unclear and requires further investigation. The mean values presented in Figure 6 have been adjusted from year to year to eliminate the systematic bias, hence a mean value of zero.
Spatial Variations of PWV in Australia
The selected eight GPS sites sample quite different climate conditions across Australia. DARW and HOB2 are located station (see Figure 1) . The spatial and temporal variability of PWV concentration in the atmosphere depends on the season, topography, and other local/regional climate conditions. In Figure 7 , the 5-year absolute PWV estimates from GPS are plotted, where available, as time series. The time series display strong annual variation in PWV at all sites, with distinctive peaks and dips occurring approximately at the austral summer and winter, respectively. The range of PWV in Australia is between 0 mm and 80 mm. PWV values at stations located in the northern part of Australia, for example, DARW and TOW2, show larger variation in PWV amplitude on the basis that warm air holds more moisture and cold air is drier. The variation and magnitude of PWV are typically less at higher latitudes, for example, HOB2 with ∘ S for ALIC) but KARR displays higher annual variation in PWV than ALIC. This is because KARR is situated closer to the coast and coastal sites generally have higher annual variation amplitudes than sites located in the continental inland.
A 5-year average of GPS PWV estimates and standard deviation were also computed for each GPS site over period and are presented in Table 7 . Comparison of the PWV averages demonstrates wide spread in values ranging from relatively dry atmosphere in the southern parts of the continent (16.3 mm and 16.4 mm at HOB2 and ADE1, resp.) to relatively moist atmosphere in the northern parts of Australia (37.1 mm and 42.0 mm at TOW2 and DARW, resp.). The standard deviation increases as the latitude of the station decreases. These values are typical for the Australian continent. The Australian climate is strongly influenced by the El Niño-Southern Oscillation (ENSO) state. The ENSO is a large-scale ocean-atmosphere phenomenon that occurs across the tropical Pacific Ocean. It has two distinctly different phases, that is, warm (El Niño) and cold (La Niña) with an intervening neutral phase. During La Niña episodes, the sea surface temperatures (SSTs) in the equatorial central Pacific are cooler than normal. The pressure over Indonesia and northern Australia (e.g., in Darwin) is lower than normal and the pressure over the eastern tropical Pacific (e.g., in Tahiti) is higher than normal. Such difference in pressure distribution is related to stronger than normal near-surface equatorial easterly winds over the central and eastern equatorial Pacific. Consequently in La Niña years, the normal patterns of atmospheric circulation and precipitation are altered. The walker circulation, that is, a large-scale atmospheric circulation over the equatorial Pacific, which is characterized by rising air (and consequently enhanced cloudiness and higher rainfall) over the region of Indonesia and the western Pacific and sinking air (and consequently reduced cloudiness and low rainfall) over the equatorial eastern Pacific becomes stronger than normal. Concurrently, oceanic response during the La Niña episodes acts in the same direction as the atmospheric response. Cooler than normal SSTs in the equatorial central Pacific suppress the cloudiness and result in reduced rainfall in the region. At the same time, warmer than normal SSTs over northern Australia and Indonesian archipelago enhances rainfall over the Maritime continent.
Early studies on ENSO-rainfall relationship found that, in La Niña years, wetter than normal conditions develop over northern Australia, Indonesia, and Malaysia during the Austral summer (June, July, and August) [48] . Our results confirm these findings. The impact of strong 2010-2012 La Niña episode [49] on moisture distribution over the Australian region is clearly demonstrated in Figure 8 and Table 8 Table 8 . This is in agreement with our knowledge on oceanatmosphere interaction during the ENSO cold phase, which demonstrates the potential of GPS-PWV methodology for climate research in the Australian region.
Discussion and Conclusion
GPS signals are delayed when propagating through the neutral atmosphere due to the effects of dry gases and water vapor contained in the lower atmosphere. The hydrostatic delay is a function of the surface pressure while the wet delay is a key parameter in atmospheric radiation, hydrological cycle, energy transfer, and the formation of clouds via latent heat [50] . Therefore, GPS derived tropospheric ZPD is a valuable parameter for studying the atmosphere, which directly or indirectly reflects the weather and climate processes [18, [50] [51] [52] [53] [54] .
This study is aimed at validating the GPS methodology for deriving time series of PWV in view of their use for climate studies and research in the Australian region. The ARGN operated and maintained by GA evolves in the 1990s primarily to serve as a national geodetic infrastructure for Australia and its territories. This infrastructure also provides a unique prospect to utilize the network of GPS stations for deriving atmospheric PWV. The 2011 tropospheric ZPD values computed by GA are in good agreement with the IGS final tropospheric products within 1.2 mm and a standard deviation of 3.6 mm. Intertechnique comparison has been made using PWV data from eight ARGN sites over a fiveyear period from 2008 to 2012. The radiosonde datasets used in the comparison have been corrected for vertical displacement with respect to the GPS stations. VLBI data was also used at colocated Hobart GPS station. A good agreement was found with a mean difference of less than 1 mm and standard deviation of 3.5 mm between GPS and VLBI estimates and a mean difference and standard deviation of 0.1 mm and 4.0 mm, respectively, for GPS and radiosonde. The accuracy of the PWV estimates can be further improved if the GPS sites are colocated with surface weather stations and radiosonde launch sites. It has also shown that the quality of the PWV estimates depends on the amount of moisture in the atmosphere, which is a function of season, topography, and other local/regional climate conditions. Standard deviations are generally larger for sites located closer to the equator and smaller in higher latitude sites. These results are consistent with previous analyses using GPS data from Australia [22, 30] . In addition, this study has revealed some systematic errors that are present in the intertechnique comparison, which further emphasizes the importance of having independent, redundant, and colocated observation sites for identification, quantification, and possible correction and calibration of systematic bias in the instruments.
A major perspective of this work is the development of a GPS processing methodology using the Australian GPS network to derive atmospheric PWV. The subsequent aim is to investigate the characteristics of long-term PWV time series over the Australian region for climate research. For the first time, we present the results of a five-year analysis of PWV from GPS, radiosonde, and VLBI for the Australian region. We have also demonstrated the promising prospects of using GPS technology for climate research in the Australia. Ground-based GPS technology offers a promising alternative PWV sensing system because of its high accuracy, high temporal resolution, and long-term stability. The next phase of this research is to study in more detail the diurnal, seasonal, and annual variations in PWV for the Australian region and subsequently long-term (over ten years) time series of PWV.
